The identification of faulty feeder for single-phase high impedance faults (HIFs), especially in resonant grounding distribution system (RGDS), has always been a challenge, and existing faulty feeder identification techniques for HIFs suffer from some drawbacks. For this problem, the fault transient characteristic of single-phase HIF is analyzed and a faulty feeder identification method for HIF is proposed. The analysis shows that the transient zero-sequence current of each feeder is seen as a linear relationship between bus transient zero-sequence voltage and bus transient zero-sequence voltage derivative, and the coefficients are the reciprocal of transition resistance and feeder own capacitance, respectively, in both the over-damping state and the under-damping state. In order to estimate transition resistance and capacitance of each feeder, a least squares algorithm is utilized. The estimated transition resistance of a healthy feeder is infinite theoretically, and is a huge value practically. However, the estimated transition resistance of faulty feeder is approximately equal to actual fault resistance value, and it is far less than the set threshold. According to the above significant difference, the faulty feeder can be identified. The efficiency of the proposed method for the single-phase HIF in RGDS is verified by simulation results and experimental results that are based on RTDS.
Introduction
Distribution systems with neutral non-effectively grounding modes, which are ungrounded or grounded with arc-suppression-coil, are widely used in China and continental Europe. The systems with ungrounded and arc-suppression-coil grounded modes are called ungrounded distribution system (UDS) and resonant grounding distribution system (RGDS), respectively. The outstanding advantage of such systems is the ability to continue to operate 1-2 h during a single-phase to ground fault. Therefore, the reliability of power supply has been improved [1] [2] [3] . The obvious disadvantage of such systems is that the fault current is so low that the fault cannot be detected by traditional over-current relays [4] . To achieve fault isolation, fault location, and power supply restoration, a reliable and accurate faulty feeder identification method should be researched firstly.
The Analysis of Fault Characteristic for the Single-Phase HIF in RGDS

Equivalent Zero-Sequence Network for a HIF
During the HIF, the main resonant frequency of the system transient process is so small that the resistance and the inductance of feeder can be ignored [21] . Thus, each feeder can be expressed by a capacitance that is related to own feeder parameter, and the equivalent zero-sequence network for the single-phase HIF in RGDS can be obtained and is shown as Figure 1 . In the figure, R f denotes the transition resistance; u f is fault voltage in fault-point; i f is fault current flowing through fault-point; u 0 is bus zero-sequence voltage; C 0k (k = 1, 2, . . . , m) indicates zero-sequence to ground capacitance of feeder k; i 0k , that is also measured current by transformer, is zero-sequence current flowing through the head of feeder k; i C0k is zero-sequence to ground current of feeder k; i 0Lp is the current flowing through arc-suppression-coil; L p is the inductance of the arc-suppression-coil; and, m is the number of feeders. the single-phase HIF in RGDS can be obtained and is shown as Figure 1 . In the figure, Rf denotes the transition resistance; uf is fault voltage in fault-point; if is fault current flowing through fault-point; u0 is bus zero-sequence voltage; C0k (k = 1, 2, …, m) indicates zero-sequence to ground capacitance of feeder k; i0k, that is also measured current by transformer, is zero-sequence current flowing through the head of feeder k; iC0k is zero-sequence to ground current of feeder k; i0Lp is the current flowing through arc-suppression-coil; Lp is the inductance of the arc-suppression-coil; and, m is the number of feeders. 
From Equation (2) , it is known that the sizes of characteristic roots are related to system parameters , Lp, and transition resistance Rf. Because system parameters are fixed, the characteristic roots are mainly influenced by transition resistance. Under the different transition resistances, the system will present different resonant states. Then, the over-damping state and the under-damping state are emphatically analysed. For the convenience of analysis, feeder m is always assumed to be a faulty feeder.
The Over-Damping State
When the characteristic roots are two different negative real roots, the system will present the According to Figure 1 , we having:
where
Equation (1) can be equivalent to:
Equation (1) is a second order linear nonhomogeneous equation, whose characteristic roots are:
From Equation (2) , it is known that the sizes of characteristic roots are related to system parameters C 0Σ , L p , and transition resistance R f . Because system parameters are fixed, the characteristic roots are mainly influenced by transition resistance. Under the different transition resistances, the system will present different resonant states. Then, the over-damping state and the under-damping state are emphatically analysed. For the convenience of analysis, feeder m is always assumed to be a faulty feeder.
When the characteristic roots are two different negative real roots, the system will present the over-damping state, which is also called the non-oscillatory discharge process. At this point, the transition resistance satisfies:
Assuming u f (t) = U m sin(ω 0 t + θ), where ω 0 is system angular frequency, U m and θ are the amplitude and inception angle of voltage in fault-point, respectively. Thus, Equation (1) is solved and the current i 0Lp flowing through arc-suppression-coil is obtained:
where:
Bus zero-sequence voltage can be computed by current i 0Lp , and it is:
According to bus zero-sequence voltage, we can calculate the zero-sequence to ground current of each feeder:
For healthy feeder, the head current is the zero-sequence to ground current of corresponding feeder, thus, we have:
For faulty feeder, on the basis of the current directions in Figure 1 , the head current is shown in Equation (9) .
As for the steady-state current of each feeder, it is found from Equations (7) and (9) that the amplitudes of the healthy feeder and faulty feeder are negative. This is because ω 2 0 L p C 0Σ < 1 in the situation of over-compensation, then, ω 2 0 L p (C 0Σ − C 0m ) − 1 < 0. Besides, the size between the amplitude ω 2 0 L p C 0k B of zero-sequence current in healthy feeder k and the amplitude ω 2 0 L p (C 0Σ − C 0m ) − 1 B of zero-sequence current in faulty feeder m is not determined. So, the steady-state component is discarded and the transient-state component is applied for identifying healthy feeder and faulty feeder.
From Equation (6) , the transient component u 0_T of bus zero-sequence voltage in over-damping state is:
From (7) and (8) , the transient component i 0k_T of zero-sequence current in healthy feeder k (k = 1, 2, . . . , m − 1) is:
From (2) and (9), the transient component i 0m_T of zero-sequence current in faulty feeder m is:
It is concluded from (11) and (12) that the transient zero-sequence current of healthy feeder is proportional to the bus transient zero-sequence voltage derivative, and the proportional coefficient is the feeder own capacitance; while, the transient zero-sequence current of faulty feeder is the linear relationship between bus transient zero-sequence voltage and bus transient zero-sequence voltage derivative, and the coefficients are the reciprocal of transition resistance and feeder own capacitance, respectively, under the circumstance of the over-damping state.
The Under-Damping State
When the characteristic roots are two conjugate complex roots with negative real parts, the system will present the under-damping state that is also called the oscillatory discharge process. At this point, the transition resistance satisfies:
Defining:
Then, Equation (1) is solved again in under-damping state and the current i 0Lp flowing through arc-suppression-coil is:
From (16), the bus zero-sequence voltage can be written as:
Then, the zero-sequence to ground current i C0k of each feeder can be obtained and expressed as:
In the same way, for healthy feeder, the head current is the zero-sequence to ground current of the corresponding feeder. That is, i 0k = i C0k , k = 1, 2, 3, . . . , m − 1.
For faulty feeder, the head zero-sequence current i 0m is:
Similarly, we just need the transient component. From (18) , the transient component u 0_T of bus zero-sequence voltage is:
From (19) , the transient component i 0k_T of zero-sequence current in healthy feeder k (k = 1, 2, . . . , m − 1) is:
From (2) and (20) , the transient component i 0m_T of zero-sequence current in the faulty feeder m is depicted in Equation (23), and the relationship between the zero-sequence current of faulty feeder and bus zero-sequence voltage can be observed from (23).
It is concluded from (22) and (23) that the transient zero-sequence current of healthy feeder is proportional to bus transient zero-sequence voltage derivative, and the proportional coefficient is feeder own capacitance while transient zero-sequence current of faulty feeder is linear relationship between bus transient zero-sequence voltage and bus transient zero-sequence voltage derivative, and the coefficients are the reciprocal of transition resistance and feeder own capacitance, respectively, in the case of the under-damping state.
Identification Principle
Basic Principle
It is further summarized by Section 2 that the transient zero-sequence current of each feeder, for both the over-damping state and the under-damping state of the HIF in RGDS, can be seen as a linear relationship between the bus transient zero-sequence voltage and the bus transient zero-sequence voltage derivative, and the coefficients are the reciprocal of transition resistance and feeder own capacitance, respectively. Then, we have:
. . .
It should be noted that, for the healthy feeder, the coefficient 1/(3R f ) is equal to 0. Namely, the transition resistance of healthy feeder is infinite. However, the transition resistance of faulty feeder is actual fault resistance value. In order to differentiate the healthy feeder and faulty feeder, transition resistance of each feeder should be calculated or estimated. Here, the least squares algorithm is employed. A series of sampled data is used to fit the linear equation and the estimated coefficients can be gained. It is noted that the estimated values have some error and are positive. Hence, they are slightly less than the actual values.
Constructing the objective function of feeder k:
Taking partial derivatives of a and b, and finding their extreme values, which are:
where, u 0_T (j), i 0k_T (j) are transient components of the j-th sampling data of bus zero-sequence voltage and zero-sequence current of feeder k, respectively, j = 1, 2, . . . , N. Solving Equations (26) and (27), substitutions of a = C 0k , b = 1/(3R f ) into them yields:
According to (28), transition resistance and feeder own capacitance of each feeder can be estimated by n sampling points of bus transient zero-sequence voltage and current of each feeder. Then, when comparing the set threshold with transition resistance, if the threshold is greater than estimated transition resistance, the feeder is faulty, or it is a healthy feeder. For faulty feeder, having:
where, R set is the set threshold. Through a great deal of simulations, it is discovered that the set threshold, which is set as 5000 Ω, can identify the faulty feeder and the healthy feeder well.
Start-Up Criterion
One key factor for the faulty feeder identification of a single-phase HIF in RGDS is when to start up the identification method, namely, how to determine whether there is a fault. Generally, the start-up criterion based on zero-sequence voltage u 0 is used, which is:
is the sample number of a cycle in system frequency, u 0 (j) is the j-th sample data of the zero-sequence voltage; U N is system rated phase voltage; and, K re is reliability coefficient and is set as 15% to avoid system unbalanced voltage on account of three-phase asymmetrical loads, three-phase asymmetry parameters of feeders, measurement and calculated error, and so on.
Identification Principle
Simulation Model
The simulation model of single-phase HIF for RGDS is built in Figure 2 , where the number of feeders is five and the length of each feeder is marked. The types of feeders are mix feeders with cable and overhead and cable feeders. The neutral-point is connected through an arc-suppression-coil, including an inductor and a resistor, which is set to 10% over-compensated. The positive-sequence parameters of cable feeders are R 1 = 0.27 Ω/km, L 1 = 0.255 mH/km, C 1 = 0.339 µF/km, respectively; the zero-sequence parameters of all the cable feeders are R 0 = 2.7 Ω/km, L 0 = 1.109 mH/km, C 0 = 0.28 µF/km, respectively. The positive-sequence parameters of overhead feeders are R 1 = 0.17 Ω/km, L 1 = 1.017 mH/km, C 1 = 0.115 µF/km, respectively; the zero-sequence parameters of overhead feeders are R 0 = 0.32 Ω/km, L 0 = 3.56 mH/km, C 0 = 0.006 µF/km, respectively. Sampling frequency of the system is set to 5 kHz. 
, N0 is the sample number of a cycle in system frequency, u0(j) is the j-th sample data of the zero-sequence voltage; UN is system rated phase voltage; and, Kre is reliability coefficient and is set as 15% to avoid system unbalanced voltage on account of three-phase asymmetrical loads, three-phase asymmetry parameters of feeders, measurement and calculated error, and so on.
Identification Principle
Simulation Model
The simulation model of single-phase HIF for RGDS is built in Figure 2 , where the number of feeders is five and the length of each feeder is marked. The types of feeders are mix feeders with cable and overhead and cable feeders. The neutral-point is connected through an arc-suppression-coil, including an inductor and a resistor, which is set to 10% over-compensated. The positive-sequence parameters of cable feeders are R1 = 0.27 Ω/km, L1 = 0.255 mH/km, C1 = 0.339 μF/km, respectively; the zero-sequence parameters of all the cable feeders are R0 = 2.7 Ω/km, L0 = 1.109 mH/km, C0 = 0.28 μF/km, respectively. The positive-sequence parameters of overhead feeders are R1 = 0.17 Ω/km, L1 = 1.017 mH/km, C1 = 0.115 μF/km, respectively; the zero-sequence parameters of overhead feeders are R0 = 0.32 Ω/km, L0 = 3.56 mH/km, C0 = 0.006 μF/km, respectively. Sampling frequency of the system is set to 5 kHz. 
Simulation Results
Simulation Verification in Over-Damping State
Suppose that a single-phase-to-ground fault through 80 Ω transition resistance with a voltage inception angle 30° happened in K1. The sampled bus zero-sequence voltage and zero-sequence currents of all feeders are shown in Figure 3a ,b, respectively. As seen from Figure 3 , the fault transient components last about one fundamental frequency cycle. After that, the zero-sequence currents of all the feeders just contain steady-state component, which have the same direction, they cannot be used for the distinction between healthy feeder and faulty feeder. Therefore, the transient components of bus zero-sequence voltage and feeders' zero-sequence currents need be extracted, and the extraction results are shown in Figure 4 . 
Simulation Results
Simulation Verification in Over-Damping State
Suppose that a single-phase-to-ground fault through 80 Ω transition resistance with a voltage inception angle 30 • happened in K1. The sampled bus zero-sequence voltage and zero-sequence currents of all feeders are shown in Figure 3a ,b, respectively. As seen from Figure 3 , the fault transient components last about one fundamental frequency cycle. After that, the zero-sequence currents of all the feeders just contain steady-state component, which have the same direction, they cannot be used for the distinction between healthy feeder and faulty feeder. Therefore, the transient components of bus zero-sequence voltage and feeders' zero-sequence currents need be extracted, and the extraction results are shown in Figure 4 . It can be seen from Figure 4 that the transient process is over-damping state. Now, we validate the efficacy of the proposed method for the over-damping state. The two coefficients of feeder 1 and feeder 2 are fitted with the least squares algorithm. The estimated feeder own capacitances and transition resistances of feeder 1 and feeder 2 are shown in Figure 5 . In order to save space, the estimated values of other healthy feeders are not presented in the paper.
The horizontal axis of Figure 5 denotes the sampling points and a different number of sampling points corresponding to different estimated values. As shown in Figure 5 , after about 20 sampling points, the estimated values tend to be stable. The sampling point number of one fundamental frequency cycle is 100, so the proposed method estimates the two coefficients quickly.
As seen from Figure 5 , the estimated values of feeder 1, which include zero-sequence to ground capacitance and transition resistance, are relatively close to the actual values, respectively, and the transition resistance is far less than set threshold. Therefore, feeder 1 is identified as a faulty feeder. For feeder 2, the estimated capacitance is approximately to the actual value, however, the estimated transition resistance is greater than the set threshold. Thus, feeder 2 is judged to be a healthy feeder. As a result, the proposed method is able to identify effectively faulty feeder under the situation of the over-damping state for the single-phase HIF in RGDS. It can be seen from Figure 4 that the transient process is over-damping state. Now, we validate the efficacy of the proposed method for the over-damping state. The two coefficients of feeder 1 and feeder 2 are fitted with the least squares algorithm. The estimated feeder own capacitances and transition resistances of feeder 1 and feeder 2 are shown in Figure 5 . In order to save space, the estimated values of other healthy feeders are not presented in the paper.
As seen from Figure 5 , the estimated values of feeder 1, which include zero-sequence to ground capacitance and transition resistance, are relatively close to the actual values, respectively, and the transition resistance is far less than set threshold. Therefore, feeder 1 is identified as a faulty feeder. For feeder 2, the estimated capacitance is approximately to the actual value, however, the estimated transition resistance is greater than the set threshold. Thus, feeder 2 is judged to be a healthy feeder. As a result, the proposed method is able to identify effectively faulty feeder under the situation of the over-damping state for the single-phase HIF in RGDS. 
Simulation Verification in Under-Damping State
A single-phase-to-ground fault through 1000Ω transition resistance with a voltage inception angle 60° is conducted in K4. Figure 6 records the sampled bus zero-sequence voltage and zero-sequence currents of all the feeders. As seen from Figure 6 , it is evident that the transient process is under-damping state because of oscillatory attenuation phenomenon. Similarly, the transient components of them need to be extracted by means of fault components and post-fault steady-state components. The extraction results are shown in Figure 7 . As shown in Figure 8 , in the case of under-damping state, the estimated capacitances of feeder 3 and feeder 4 are approximate to actual capacitances, respectively. However, the estimated resistance of feeder 3 is much greater than the set threshold 5000 Ω, while the estimated resistance of feeder 4, which is close to the actual value and is far less than the set threshold. In consequence, feeder 3 is regarded as a healthy feeder and feeder 4 is identified as faulty feeder accurately and reliably. 
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A single-phase-to-ground fault through 1000Ω transition resistance with a voltage inception angle 60° is conducted in K4. Figure 6 records the sampled bus zero-sequence voltage and zero-sequence currents of all the feeders. As seen from Figure 6 , it is evident that the transient process is under-damping state because of oscillatory attenuation phenomenon. Similarly, the transient components of them need to be extracted by means of fault components and post-fault steady-state components. The extraction results are shown in Figure 7 . As shown in Figure 8 , in the case of under-damping state, the estimated capacitances of feeder 3 and feeder 4 are approximate to actual capacitances, respectively. However, the estimated resistance of feeder 3 is much greater than the set threshold 5000 Ω, while the estimated resistance of feeder 4, which is close to the actual value and is far less than the set threshold. In consequence, feeder 3 is regarded as a healthy feeder and feeder 4 is identified as faulty feeder accurately and reliably. As shown in Figure 8 , in the case of under-damping state, the estimated capacitances of feeder 3 and feeder 4 are approximate to actual capacitances, respectively. However, the estimated resistance of feeder 3 is much greater than the set threshold 5000 Ω, while the estimated resistance of feeder 4, which is close to the actual value and is far less than the set threshold. In consequence, feeder 3 is regarded as a healthy feeder and feeder 4 is identified as faulty feeder accurately and reliably. 
Simulation Verification under Different Fault Conditions
To verify the performance of the proposed method on different fault conditions, multiple simulations are carried out considering different fault points, different transition resistances, and different voltage inception angles. The simulation results are presented in Table 1 . Since the estimated capacitances are not required for the identification of faulty feeder, only the estimated transition resistances of all feeders are shown in the table.
It is found from Table 1 that the estimated transition resistances of faulty feeders are almost equal to actual transition resistances and far less than set threshold, while the estimated transition resistances of healthy feeders are much larger than actual values as well as set threshold under different fault conditions. Accordingly, it is proved that the proposed method has good adaptability for faulty feeder identification of the single-phase HIF in RGDS. The bold values indicate the estimated transition resistances of faulty feeders. 
To verify the performance of the proposed method on different fault conditions, multiple simulations are carried out considering different fault points, different transition resistances, and different voltage inception angles. The simulation results are presented in Table 1 . Since the estimated capacitances are not required for the identification of faulty feeder, only the estimated transition resistances of all feeders are shown in the table. The bold values indicate the estimated transition resistances of faulty feeders.
It is found from Table 1 that the estimated transition resistances of faulty feeders are almost equal to actual transition resistances and far less than set threshold, while the estimated transition resistances of healthy feeders are much larger than actual values as well as set threshold under different fault conditions. Accordingly, it is proved that the proposed method has good adaptability for faulty feeder identification of the single-phase HIF in RGDS.
Comparison with Other Methods
In order to validate the superiority of proposed method for the single-phase HIF in RDGS, a comparison between the proposed method and the fifth harmonic method (FHM) and wavelet packet energy method (WPEM), which are widely used in practical application is conducted. For the FHM, the feeder which has the biggest amplitude of fifth harmonic is regard as faulty feeder. For WPEM, the feeder, which has maximum energy in feature band that has the most concentrated fault component, is identified as the faulty feeder [16] .
A single-phase HIF through transition resistance 1000 Ω with a voltage inception angle 60 • is imposed on feeder 4. The amplitude of fifth harmonic is extracted by full wave Fourier transform. The energy is obtained by calculating the square of wavelet packet coefficients in the feature band. In the wavelet packet transform, db 5 wavelet is chosen and the decomposition is 5. Sampling data of two fundamental frequency cycles is adopt. The comparison results between the proposed method and FHM and WPEM are shown in Table 2 . As shown in the table, it is evident that the FHM and WPEM developed the misjudgment in the case of the HIF, while the proposed method identified the faulty feeder correctly. Therefore, it is conclude that the proposed method has a better performance for the faulty feeder identification of the single-phase HIF in RDGS. 
RTDS Based Experiment Results
In order to evaluate further the performance of the proposed method, the RTDS based experiment platform is set up and is shown as Figure 9a . The instrument which is developed and manufactured by Manitoba RTDS company, Canada, is used to study electromagnetic transient phenomena in power systems. Firstly, the RGDS model in reference to a practical network in Changsha city of Hunan province of China is established. Then, a HIF is imposed in a feeder and the simulation based on RTDS is tested. After that, bus zero-sequence voltage and zero-sequence currents of two feeders which include a faulty feeder and a healthy feeder are exported by power amplifier. In order to make the experiment results compatible with the real world, the exported bus zero-sequence voltage and feeders' zero-sequence currents are measured and recorded by a clamp type ammeter and a wave recorded equipment, respectively, and the recorded waveforms, which are close to field measured waveforms are shown in Figure 9b .
As seen from simulation results in Figure 9c , the estimated transition resistance of the faulty feeder is about 400 Ω, which is far less than set threshold. However, the estimated transition resistance of healthy feeder is about are 12 kΩ that is much larger than the set threshold. Hence, it is confirmed that the proposed method has a strong adaptability for faulty feeder identification of the single-phase HIF in RGDS. 
Conclusions
After a single-phase HIF takes place in RGDS, fault current is very low and the fault cannot be detected by traditional over-current relays, for improvement, a faulty feeder identification method for HIF is proposed.
During the single-phase HIF, the transient process of the system will present an over-damping state and under-damping state under different transition resistance. For both states, the transient zero-sequence current of the healthy feeder is proportional to bus transient zero-sequence voltage derivative, and the proportional coefficient is feeder own capacitance; while transient zero-sequence current of faulty feeder is linear relationship between bus transient zero-sequence voltage and the bus transient zero-sequence voltage derivative, and the coefficients are the reciprocal of transition resistance and feeder own capacitance value, respectively. To identify faulty feeder, the transition resistance of each feeder is estimated by the least squares algorithm. For healthy feeder, the estimated transition resistance is a large value and is much larger than set threshold. However, for faulty feeder, the estimated transition resistance is approximately equal to the actual fault resistance value and is far less than set threshold. Thus, faulty feeder can be detected.
By contrast, it is discovered that the proposed method has a superior performance in the case of single-phase HIFs. Extensive simulations and RTDS experiment tests show that the proposed method is able to identify faulty feeder accurately and effectively, and it is suitable for single-phase HIFs in RGDS. 
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